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ABSTRACT
Stellar-activity features such as spots can complicate the determination of planetary parameters through spectroscopic and
photometric observations. The overlap of a transiting planet and a stellar spot, for instance, can produce anomalies in the
transit light-curves that may lead to an inaccurate estimation of the transit duration, depth, and timing. These inaccuracies
can for instance affect the precise derivation of the planet radius. We present the results of a quantitative study on the effects
of stellar spots on high-precision transit light-curves. We show that spot anomalies can lead to an estimate of a planet radius
that is 4% smaller than the real value. Likewise, the transit duration may be estimated about 4%, longer or shorter. Depending
on the size and distribution of spots, anomalies can also produce transit-timing variations (TTVs) with significant amplitudes.
For instance, TTVs with signal amplitudes of 200 seconds can be produced when the spot is completely dark and has the size
of the largest Sun spot. Our study also indicates that the smallest size of a stellar spot that still has detectable affects on a
high-precision transit light-curve is around 0.03 time the stellar radius for typical Kepler telescope precision. We also show that
the strategy of including more free parameters (such as transit depth and duration) in the fitting procedure to measure the
transit time of each individual transit will not produce accurate results for active stars.
Key words. methods: numerical- planetary system- techniques: photometry, Stellar activity
1. Introduction
A survey of the currently known extrasolar planets indi-
cates that many of these objects orbit stars that show high
levels of activity. Among the stars in the field of view of the
Kepler space telescope, for instance, a quarter to a third
are more active than the Sun (Basri et al. 2013). Active
stars may also harbor spots. Indeed, spots on the stellar
disk are a clear evidence of stellar activity. In general, stel-
lar spots are larger than Sun spots (Berdyugina 2005). The
largest observed stellar spots are on the giant stars HD
12545 and II Peg (O’Neal et al. 1998; Strassmeier 1999;
Tas & Evren 2000). The spots on the surface of these stars
may cover up to half of their stellar disks.
Stellar spots can have profound effects on the detec-
tion and characterization of planets through both photom-
etry and spectroscopy (see e.g. Boisse et al. 2009, 2011;
Ballerini et al. 2012). In photometric observations, stellar
spots that are not occulted by a transiting planet can pro-
duce outside-transit light-curve variations that can lead to
a wrong estimation of planet parameters such as its radius
(Pont et al. 2008). The overlap of a transiting planet and
stellar spots can produce anomalies in the transit light-
curve that may also lead to an incorrect determination of
planetary parameters, such as the planet radius and the
limb-darkening coefficients of the host star (Pont et al.
2007; Czesla et al. 2009; Berta et al. 2011; De´sert et al.
2011; Ballerini et al. 2012). Stellar spot anomalies can also
cause offsets in the transit-timing measurement that can
lead to a false-positive detection of a non-transiting planet
by transit-timing variation (TTV) method (Alonso et al.
2009; Sanchis-Ojeda et al. 2011; Sanchis-Ojeda & Winn
2011; Oshagh et al. 2012).
To account for the anomalies generated by the overlap
of a stellar spot and a transiting planet in a fitting process,
some authors assigned a zero weight to the anomalous
points of the light curve (see e.g. Sanchis-Ojeda & Winn
2011). However, as shown by Barros et al. (2013), in the
presence of red noise, this treatment of stellar spot anoma-
lies may not be the best approach since the missing points
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in the transit light-curve can significantly underestimate
the transit time. Moreover, in models that are based on
the symmetry of the light curve, the missing points may
break the light curve’s symmetry, and as a result, the fit-
ting routine may give more weight to the portion of the
light curve that does not include the spot anomaly. This
may cause variations in transit timing (shifting of the cen-
ter of the light curve) and subsequently produce a TTV
signal (e.g., Gibson et al. 2009; Oshagh et al. 2012).
In this paper, we present the results of a quantitative
study on the effects of stellar spots on high-precision pho-
tometry observations. In section 2, we describe the details
of our models and initial conditions used in our simula-
tions. Some of these require selection criteria that we also
explain in this section. In section 3, we present the results
of the simulations for different cases and discuss possible
interpretations. We also determine the detectable limits on
the size of a spot considering the best precision of Kepler
light curves. In section 4, we conclude our study by sum-
marizing the results and discussing their implications.
2. Models
We considered a system consisting of a late spectral-type
star (e.g., FGKM), and a Jupiter- or Saturn-sized tran-
siting planet. We chose these stars because they form
more than 70% of the stars in the solar neighborhood
(Henry et al. 1997), and because they are routinely cho-
sen as targets of transit photometry surveys (e.g., MEarth
survey (Charbonneau et al. 2008), and the Kepler space
telescope). These combinations of planetary sizes and late
spectral-type stars result in three values for the ratio of the
planet-to-star radius, Rp/R∗ =0.15, 0.1, and 0.05. We also
assumed the central star to have quadratic limb-darkening
coefficients of u1 = 0.29 and u2 = 0.34, which corresponds
to a stellar temperature close to that of the Sun (∼ 5800
K) (Sing 2010; Claret & Bloemen 2011). Similar coeffi-
cients have been considered for the star HD 209458 in the
wavelength range of 582- 638 nm (Brown et al. 2001). In
section 4.3, we study the effect of other limb-darkening
coefficients on our results.
Since we are interested in studying the maximum effect
of a stellar spot, we assumed that the transiting planet
and spot completely overlap and that the spot has no
brightness. This model is able to produce a light curve
that is close to a real one obtained from observations with
the spot’s anomaly inside the transit light-curve. Again
in section 4.3 we examine the effect of a stellar spot with
non-zero brightness, as well. For the fitting purpose, we
also determined the light curve of the star excluding the
effect of the overlap between the planet and the stellar
spot.
We assumed that the planet is in a three-day circular
and edge-on orbit, and that the spot is located on zero
latitude corresponding to the stellar equator. We varied
the filling factor of this spot defined as
f = (Rspot/R∗)
2 (1)
in the range of 0.01% to 1%. The upper limit of this range
corresponds to the largest size of a Sun spot (Solanki 2003)
(Rspot and R∗ are the radii of the spot and star, respec-
tively, and f is defined for the visible stellar disk). The
sampling time of the observation was chosen to be 60 sec-
onds, which is equal to the short-cadence integration time
of the Kepler telescope.
3. Simulations and results
To study the effects of stellar spots in the light curves of
our models, we used the publicly available tool ”SOAP-
T”1. The code is explained in detail in Boisse et al. (2012)
and Oshagh et al. (2013) . This code produces the ex-
pected light curve and the radial velocity signal of a sys-
tem consisting of a rotating spotted star with a transit-
ing planet. SOAP-T is also able to reproduce the positive
bump anomaly in the transit light-curve generated by a
planet-spot overlap.
3.1. Amplitude of anomaly
We considered a rotating late-type star with a rotational
period of nine days. We assumed that the star has a dark
spot on its surface with a filling factor of 1%, and that it
hosts a transiting planet with a radius of Rp/R∗ = 0.15.
We started our simulation by considering the spot to be
on the longitude and overlap with the planet while on the
limb of the star. In this case, the anomaly is produced in
the egress of the transit light-curve. For the sake of com-
parison and fitting purposes, we also generated a synthesis
transit light-curve with the same initial conditions with-
out considering the overlap between the spot and planet.
The residual between the light curve of this system and
the previous one where the spot and planet overlap can
be used to determine the amplitude of the anomaly. We
repeated this process for different values of the spot’s lon-
gitude and determined the magnitude of the amplitude of
the transit light-curve anomaly as a function of the posi-
tion of the spot on the disk of the star. As shown in Figure
1, the amplitude of the anomaly increases as the position
of the overlap between the planet and spot progresses to-
ward the center of the stellar disk. When the overlap oc-
curs while the spot is on the limb of star, the amplitude
of the anomaly becomes smaller than when the spot and
planet overlap at the center of the stellar disk. We note
that the maximum amplitude of the anomaly is a function
of the spot’s filling factor. We repeated the same analysis
with a spot with a filling factor equal to 0.25 %. As shown
in Figure 1, the amplitudes of the anomalies correspond-
ing to the two filling factors show the same behavior as
a function of the position of the planet-spot overlap, but
they have different magnitudes.
1 http://www.astro.up.pt/resources/soap-t/
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Fig. 1. Amplitude of the anomaly in the transit light-
curve as a function of the position of planet-spot overlap
(0 on x-axis means overlap occurs while the spot is at the
center of stellar disk). The values of the amplitude have
been normalized to the flux value. The red dotted line and
the blue solid line correspond to transit light-curves of a
transiting planet with a radius of Rp/R∗ = 0.15 and a
spot with a filling a factor of 1% and 0.25%, respectively.
3.2. Effect of the stellar spot on the time, depth, and
duration of the transit
In this section, we examine the effect of stellar spots on
the transit light-curve and its corresponding planetary pa-
rameters. For this purpose, we generated a large number
of transit light-curves for a system with a spotted star
(as in section 3.1), and to understand how the spot affects
the parameters of the planet, we fit these light curves with
the light curve of a system in which the effect of the spot-
planet overlap was not taken into account. In the fitting
procedure, we allowed the depth, duration, and time of
the transit to vary as free parameters, keeping other pa-
rameters of the system constant to their values given in
section 3.1. The best fit of the no-anomaly light curve to
each simulated transit light-curve with anomaly will give
the best value for the ratio of the planet to the stellar ra-
dius, and the time and duration of its transit. To study
the effects of the planet size and the spot filling factor,
we considered the radius of the planet to be Rp/R∗ = 0.1
and Rp/R∗ = 0.05, and generated light curves in the spot-
harboring system for a zero-brightness dark spot with a
filling factor of 0.25% and 1%. We then fit again as ex-
plained above. Figure 2 shows some of the results: in sim-
ulations for which the position of the spot anomaly is to-
ward the middle of the transit light-curve (i.e., the location
of the planet-spot overlap is farther from the limb and is
closer to the center of the stellar disk), the fitted value
of the transit depth (that is used to derive the radius of
the planet in the units of stellar radius) becomes lower.
For instance, in a system where the transiting planet has
a radius of Rp/R∗ = 0.05 and the spot filling factor is 1
%, the anomaly in the light curve causes the estimate of
the planet radius to be 4% smaller than its actual value.
This significant effect in the size-estimates of exoplanets
matches the values reported for active stars and transiting
-2
-1
 0
 1
 2
 3
 4
 5
 6
 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1
(ex
act
 R p
-
 
R p
) / 
exa
ct R
p 
[%
]
Position of spot (stellar radius)
Rp/Rs=0.15,f=1%
Rp/Rs=0.15,f=0.25%
Rp/Rs=0.1,f=1%
Rp/Rs=0.1,f=0.25%
Rp/Rs=0.05,f=1%
Rp/Rs=0.05,f=0.25%
Fig. 2. Deviation of the fitted value of the planet radius
from its exact value as a function of the position of planet-
spot overlap. Different colors correspond to different com-
binations of the planet-to-star-radius ratio as well as the
spot filling factor.
planets such as the CoRoT-2 system (3%, see Czesla et al.
2009) and the system of WASP-10 (2%), as reported by
Barros et al. (2013).
Figure 3 shows the connection between the induced
TTV and the position of the planet-spot overlap. The
TTVs were obtained by calculating the difference between
the transit timing in the best-fit model and its known val-
ues. Interestingly, the TTV amplitudes show a different
behavior from that of the transit anomaly amplitude in
term of its location. As shown in the figure, significant
TTVs may be produced as a result of the spot anomaly
in the transit light-curve even when the amplitude of the
anomaly is not so significant. Our simulations show that
the highest TTV value is reached when the position of the
overlap between the planet and the spot is at 0.7 stellar
radii from the center of the star. This result agrees with
results presented by Barros et al. (2013). This indicates
that when studying the effects of spot anomalies on vari-
ations in transit timing, one can only focus on this area
where the TTV has its highest value. Figure 3 also shows
that for a transiting planet with Rp/R∗ = 0.1 overlapping
a spot with a filling factor of 1 %, the highest TTV value
can exceed 200 seconds. Such a large TTV is similar to
that induced by an Earth-mass planet in a mean-motion
resonance with a Jovian-type body transiting a solar-mass
star in a three-day orbit (e.g., Boue´ et al. 2012), or by an
Earth-mass exomoon on a Neptune-mass transiting planet
(Kipping 2009).
The connection between an induced spot anomaly in a
transit light-curve and the duration of the transit is shown
in Figure 4. The transit duration can become shorter or
longer, depending on where the anomaly appears. The re-
sults shown here agree with those reported by Barros et al.
(2013) for the WASP-10 system. Figure 4 also shows that
in extreme cases, transit durations can be under- or over-
estimated by about 4%. This can be seen, for instance, for
planets with Rp/R∗ = 0.1 and a spot filling factor of 1%.
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Fig. 3. Amplitude of the transit-timing variations as a
function of the position of the planet-spot overlap, and for
different combinations of the planet-to-star-radius ratio
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Fig. 4. Deviations of the fitted value of the transit dura-
tion from its exact value as a function of the planet-spot
overlap for different combinations of the planet-to-star-
radius ratio and spot filling factor.
3.3. Probing the effect of different limb-darkening
coefficients and a non-zero-brightness spot
To probe the sensitivity of our results to the stellar spot
brightness and also to quadratic limb-darkening coeffi-
cients, we examined their influence in cases where the
maximum effect on TTVs were obtained.
To assess the effect of the choice of the quadratic limb-
darkening coefficients, we considered the system with the
highes TTV. In this system, the stellar spot was taken
to have zero-brightness, its filling factor was 1%, and the
ratio of the radius of the planet to that of the star was
Rp/R∗ = 0.1. We considered two extreme cases of stellar
temperatures for this system. According to the Claret 2011
catalog (Claret & Bloemen 2011), these extreme tempera-
tures correspond to extreme values for the limb-darkening
coefficients. For a cool star with a temperature of 4000 K,
the coefficients of the quadratic limb-darkening are u1=0.6
and u2=0.16, and for a hot star with a temperature of 7500
K, these coefficients are u1= 0.38 and u2=0.37. Figures
5 to 7 show the effects of these extreme quadratic limb-
darkening coefficients on the depth, as well as the ampli-
tude of the TTV and the transit duration. Apparently, the
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Fig. 5. Deviation of the fitted value of the planet radius
and its exact value as a function of the planet-spot over-
lap. In cases 1 to 3, the transiting planet has a radius
of Rp/R∗ = 0.1, the spot has zero-brightness and a fill-
ing factor of 1%, and the limb-darkening coefficients are
(u1, u2)=(0.29,0.34), (0.38,0.37), and (0.6,0.16), respec-
tively. Case 4 is similar to case 1 with the brightness of
the stellar spot increased to 50%.
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Fig. 6. Amplitude of transit-timing variation as a function
of the position of the planet-spot overlap for the same
cases as in figure 5.
results are not sensitive to the choice of the two extreme
cases considered here. This, however, cannot be reliable
because we did not consider other possibilities. Studies
similar to that of Csizmadia et al. (2013) are needed to
fully explore the effect of varying the limb-darkening co-
efficients on the measurements of planetary parameters.
To study the effect of a stellar spot with a non-zero-
brightness, we considered the brightness of the spot to be
50% of that of the star. We also increased its size by a fac-
tor 1.4 to compensate for the change in its brightness. This
is equivalent to fixing the spot filling factor to 0.1%. As ex-
pected and similar to a zero-brightness spot, the spot with
a non-zero brightness causes variations in the time, depth,
and duration of the transit, but with smaller amplitudes
(Figures 5,6,7). This is an expected result because the oc-
cultation of the non-zero-brightness spot by the transiting
planet produces an anomaly that has a smaller amplitude
than that produced by a zero-brightness spot.
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Fig. 7. Deviation of the fitted value of the transit duration
from its exact value as a function of the position of the
planet-spot overlap for the same cases as in figure 5.
3.4. Estimating the spot size using its induced TTV
In this section, we estimate the maximum size of a stellar
spot that will have no significant effect on a high-precision
photometric observation (e.g Kepler). The result of this
study can be used to determine the minimum detectable
size of a stellar spot by using the best accessible photo-
metric facility.
We defined the minimum size of a stellar spot as the
limit for which the corresponding anomaly in the transit
light-curve cannot be identified visually and will only be
detectable by its effect on transit-timing measurements.
We considered a system with a transiting planet with a
size of Rp/R∗ = 0.05, 0.1, and 0.15 in a three-day or-
bit around a late-type spotted star. We assumed that the
orbit of the planet is edge-on and circular. We assigned
values of u1 = 0.29 and u2 = 0.34 to the star quadratic
limb-darkening coefficients, and considered its rotational
period to be nine days. We placed a dark stellar spot with
a zero-brightness and filling factor of 1% on the longitude,
which corresponds to 0.7 stellar radius in the time of over-
lap of planet and spot. To make the simulation closer to
the real observation, we added a random Gaussian noise to
each data point of the simulated light curve. The standard
deviation of the Gaussian was chosen as the best standard
deviation of a Kepler short-cadence observation for one of
its brightest target stars (σ = 0.00017). We allowed the
transit timing to vary as a free parameter and fit to this
system a synthetic transit light-curve that was obtained
without considering the effect of the overlap between the
planet and the spot. The TTV values were obtained from
the best-fit model. We note that we only used the TTVs
generated by the spot anomaly in the transit light-curve
as an indicator of the existence of a spot. Since a random
noise was added to the simulation, we repeated this pro-
cess 100 times and obtained the mean value and standard
deviations (shown as error bars in Figure 8) of the TTVs.
We then reduced the filling factor of the spot and deter-
mined the TTV value. Figure 8 shows the behavior of the
highest TTV value as a function of spot filling factor.
To determine the minimum size of a stellar spot, we
progressively reduced the spot size until the amplitude
of the TTV signal reached the Kepler detection limit.
Following Kipping & Bakos (2011), we considered this
limit to be about 10 seconds. As shown in figure 8, the
minimum detectable size is obtained for a filling factor of
0.08%, which corresponds to a spot radius of 0.028 of the
stellar radius. We would like to note that because we as-
sumed that the overlap between planet and spot occurs
at 0.7 stellar radii (where the amplitude of the effect is
highest), the limit obtained from our analysis is in fact a
lower limit. Any other positions of the same spot can also
produce undetectable TTV signals.
A linear fit to the highest values of TTVs obtained for
different values of the planet size and stellar spot filling
factor indicates that the amplitude of TTVs caused by the
stellar spot can be approximated by
AMP =


139× f if Rp/R∗ = 0.05
132× f if Rp/R∗ = 0.10
110× f if Rp/R∗ = 0.15,
(2)
where AMP is the maximum amplitude of TTV in units of
seconds, and f is the stellar spot filling factor in percent.
The results of our simulations show that when transit
duration and depth are held constant and equal to their
known values, the TTV amplitude is smaller than when
these parameters are let free. For a transit light-curve with
stellar spot anomalies in egress or ingress, if in the fit-
ting procedure we allow the transit duration, depth, and
time to vary all as free parameters, the chi-square of the
fit becomes smaller, but will not correspond to the best
fit. As shown in Figure 9, allowing the transit duration,
depth, and time to be free parameters, the best fit may
pass through the anomaly by reducing the transit dura-
tion and producing a very strong TTV signal. However,
if the transit duration and depth are held constant, con-
trary to what is expected that more free parameters in
the fitting process will result in more realistic planetary
parameters (e.g Mazeh et al. 2013), and allowing for varia-
tions in the transit timing will result in TTVs with smaller
amplitudes.
4. Conclusions
We presented a quantifying analysis of the effect of stellar
spots on a high-precision transit light-curve. We showed
that light-curve anomalies caused by the overlap of a tran-
siting planet and the star spot can have strong effects on
the estimate of the planet parameters. These effects can
lead to an underestimation of a the planet radius by about
4%. They can also affect the transit duration and make it
4% longer or shorter than its actual value. More impor-
tantly, depending on the size of the spot and its location,
an anomaly can produce transit-timing variations with an
amplitudes of about 200 seconds for a typical Sun-like
spot. We also found for an active star, that allowing more
free parameters (e.g., transit depth and duration) during
6 M. Oshagh et al.: The effect of stellar spots.
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transit fitting may lead to an erroneous estimation of the
transit timing in comparison to the case where the transit
depth and duration are held constant.
Because we considered only a few cases with different
values of limb-darkening coefficients, we cannot conclude
that our result are applicable to all values and combina-
tions of these quantities. We have examined the reliability
of our result for extreme cases of limb-darkening related
to extreme stellar temperatures because it is reasonable
to assume that if there is going to be any significant effect
from limb-darkening, it will be from the extreme values of
its coefficients. We did not, however, find any significant
effects from those values in our study.
This study can be used to properly account for the
difficulties arising from stellar activities in planet charac-
terizations using the transit method. It also enables us to
constrain the size of stellar spot using indirect techniques.
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